During the search for thermophilic myxobacteria in geothermal environments, four myxobacteria-like cultures that grew at temperatures of up to 50°C and optimally at 45-49°C were enriched from various hot springs in Japan. Three of the cultures were derived from freshwater hot springs and one from a coastal saline spring. Although all lacked fruiting structures, they were bacteriolytic and formed diffusive shallow crater-like colonies. Even after repeated enrichment procedures using Escherichia coli-prey agar media, the crater-like cultures were usually surrounded by thin, film-like, spreading colonies of other gliding bacteria that grew faster. Within the crater-like sunken area, rod-shaped bacterial cells were observed. 16S rRNA gene sequences from the myxobacterial cultures were amplified by nested PCR with myxobacteria-specific primers, subcloned, and phylogenetically analyzed. All of the myxobacterial clones obtained from the three cultures were assigned to the suborder Sorangineae. These clones were distantly positioned within this suborder, and mostly shown to represent new genera of myxobacteria. These results suggested that diverse species of moderately thermophilic myxobacteria, including many as yet undescribed, ubiquitously inhabit hot spring environments.
Myxobacteria are known for the following unique characteristics. First, these bacteria move by gliding and form diffusive spreading colonies or so-called "swarms". Second, they have a highly developed life cycle with complex cell to cell communication systems and show remarkable morphogenetic potential, typically, the ability to form fruiting bodies. Third, they are good producers of secondary metabolites with distinct chemical structures 9, 25) . Myxobacteria have long been described as terrestrial and obligatory aerobic bacteria 6, 23) . However, recent findings have revealed a far more diverse habitat and the actual metabolic activities of myxobacteria. For example, slightly halophilic marine myxobacteria have been isolated from coasts 8, [13] [14] [15] . Furthermore, anaerobic myxobacteria showing unique metabolic activity such as the dehalogenation of 2-chloro-phenol were recently discovered 28) . With respect to growth temperature, myxobacteria including the novel strains noted above have been regarded as mesophiles 23, 24) . Our previous study showed that all of the authentic strains of myxobacteria in our collections failed to grow at temperatures over 40°C, except for a few strains able to grow at up to 45°C 8) . To our knowledge, myxobacteria that can grow at temperatures above 50°C have not been isolated to date. Our attempts to find "thermophilic" myxobacteria have focused on geothermal hot springs, because these environments harbor diverse microorganisms and are rich sources of thermophilic bacteria 1, 11, 12, 20, 26) .
Another feature of myxobacteria is their predatory activity, lysing a variety of other microorganisms such as bacte-ria, yeast, and fungi. Microbial predators such as viruses, predatory bacteria, and protozoa are generally thought to profoundly influence the ecological and biochemical processes of microbial communities in various environments [1] [2] [3] [4] [5] . In recent years, the distribution of viruses and phages in hot springs has been reported [2] [3] [4] . A thermophilic Bdellovibrio has also been suggested to exist though it has not yet been isolated 5) . In addition, a thermophilic amoeba that can grow at up to 57°C was recently isolated 1) . However, the ecological niches of myxobacteria in hot spring environments are quite obscure 20) .
By using both molecular and culture-dependent methods, we investigated the taxonomic characteristics of the myxobacterial cultures obtained from the hot springs, and concluded the existence of thermophilic myxobacteria growing at 50°C.
Materials and Methods

Sampling from hot springs
Samples were collected during the period from December 1999 to March 2000 ( Table 1 ). The sites included neutral to slightly alkaline springs, acidic springs, slightly saline springs, and coastal seawater springs. The temperature of sites ranged from 40 to 80°C, with a pH of 2.0 to 8.0 and NaCl concentration of 0.0 to 2.0% (w/v). Water samples were filtered through a G-V Durapore Membrane (500 ml content, pore size: 0.2 µm). Then, square pieces of filter (size: 5×5 mm) were cut out with a sterile dissecting knife and subjected to an isolation procedure. The samples were Culture media SWS-agar medium 13) , was used as a basal medium for the coastal hot spring samples. As a basal medium for the terrestrial hot spring samples; four different media were used to take account of the physico-chemical properties of each sampling site. WCX-agar 25) was used for freshwater springs. HS-agar, which contained (per liter) 1.0 g of CaCl2·2H2O, 2.0 g of NaCl, 1.0 g of MgSO 4 ·7H 2 O, 0.5 g of KCl, 1.0 ml of trace element solution 25) , and 15 g of Bacto Agar (pH 7.2) (Becton, Dickinson & Co., Sparks, MD, USA), was used for slightly saline springs. 1/2 SWS-agar, containing half strength components of SWS and Bacto Agar 15 g (pH 7.5), was used for the terrestrial saline springs. GG-medium, containing (per liter) 0.1 g of CaCl 2 ·2H 2 O, 0.1 g of MgSO4·7H2O, 0.1 g of KCl, 0.1 ml of trace element solution 25) , and 6.0 g of Phytagel (gellan gum, Sigma-Aldrich, St. Louis, MO, USA), was used for the acidic springs. The gel and the other components were separately autoclaved, and the pH of the liquid medium was adjusted to 2.0 with 1 N H 2 SO 4 prior to the sterilization. To prepare the media for the enrichment of myxobacteria, a live Escherichia coli cell paste was smeared linearly in parallel on the surface of the basal solidified media, which were then designated SWS-, WCX-, HS-, 1/2 SWS-and GG-Ec plate medium. For the maintenance of terrestrial cultures, VY2 (yeast)-agar 25) was used. Associating gliding bacteria were purified and maintained on 1/3CY agar for terrestrial isolates and 1/3CY/SWS agar for marine isolates. 
Enrichment and isolation
Enrichment and isolation of the myxobacteria from hot springs were performed by the E. coli-baiting method 25) . Small pieces of sample were put on the terminal part of the streaks of the live E. coli cell paste on the solid media. The inoculated plates, contained in tightly closed plastic incubation boxes, were aerobically incubated in darkness at 50 or 60°C. The cultures of the myxobacteria were purified by several transfers on E. coli (Ec) plate medium 25) .
Growth conditions
The response of the hot spring cultures to temperatures was checked on Ec agar plates smeared with autoclaved cell paste. Agar pieces of the cultures, punctured from the edge of swarms on Ec agar plates using sterile plastic-straws (diameter: 3 mm), were picked out and inoculated onto the center of the smeared round area (diameter: 6 cm) of E. coli cell-paste. Terrestrial cultures were grown on WCX-Ec agar and coastal cultures, on SWS-Ec agar. Reference myxobacterial strains were cultured on VY2 agar for terrestrial isolates and VY2/SWS agar for marine isolates. The growth was checked at a temperature ranging from 8 to 55°C. Growth was determined by measuring the diameter of the cell-lysing swarm area after one month of incubation. Terrestrial and marine reference myxobacterial strains are shown in Table 3 .
Other physiological characteristics of the hot spring cultures
To investigate salt requirements, the growth of the cultures was checked on the agar media with and without SWS. To check anaerobic growth, the cultures grown on SWS-Ec, WCX-Ec, VY2 or 1/3CY agar plates were incubated at 50°C in an Anaero-Pack system (Mitsubishi Gas Chemical, Tokyo, Japan). Cellulose-degrading activity was tested on sterile filter paper laid on the VY2 agar, 1/3CY agar, or modified ST-21 agar. Agar pieces of growing swarm cultures picked out from the VY2 agar and 1/3CY agar were put at the center of the filter paper. After one month of incubation at 50°C, the decomposition of filter papers was checked.
16S rRNA gene sequencing and phylogenetic analysis
Cells were cut out from the swarm areas of co-cultures grown on WCX-Ec or SWS-Ec agar, and subjected to a DNA extraction procedure using the Blood & Cell culture DNA Midi Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. PCR primers Myxo1f: 5'-GCGKCSCATCAGCTAGTT-3' (E. coli position 252-270) and Myxo2f: 5'-AMGACGSGTAGCTGGTCT-5' (E. coli position 296-313) were designed on the basis of all myxobacterial 16S rRNA gene sequences available from the Ribosomal RNA Database Project II (RDP II) 18) . 16S rRNA genes were amplified by nested PCR using the myxobacteria-specific primer sets. The first PCR was performed with the eubacterial universal primer set 27f/1492r. Extracted bacterial genomic DNA and amplified PCR products were purified by Microcon-PCR (Millipore, Billerica, MA, USA). The second PCR was performed with the myxobacteria-specific primer set Myxo1f/1492r. The first PCR products and the purified second PCR products were used as the template of the third PCR with primers Myxo2f/1492r. All the PCRs were performed with an Extaq DNA polymerase kit according to the manufacturer's instructions. Each 50-µl reaction mixture contained 1 µl of template DNA and 0.4 pmol/µl each of the primers. The reaction conditions for the first and second PCRs were 25 cycles of 94°C for 1 min, 50°C for 1 min, and 72°C for 1.5 min followed by postextension at 72°C for 5.5 min. The conditions for the third PCR were 94°C for 1 min, 68°C for 2.5 min, and 72°C for 5.5 min. The third PCR products were purified with a QIAEX II Gel Extraction Kit (Qiagen) and then cloned into a pGEM-T vector plasmid (Promega, Madison, WI, USA) according to the manufacturer's instructions. The insertion of a DNA fragment of expected size (nearly 1,200 bp) was determined by PCR amplification with universal primers: 21M13f and M13RV. The amplified insert DNA was subjected to restriction fragment length polymorphism (RFLP) analysis using three restriction enzymes, Sau3AI, HaeIII, and HhaI (Takara, Otsu, Japan). Sequencing was performed using an ABI Prism BigDye Terminator cycle Sequencing Ready Reaction kit and an ABI model 310 automatic sequence analyzer (Applied Biosystems, Foster City, CA, USA). The sequencing primers used were described previously 21) . Sequence data used to infer phylogenetic trees were retrieved from the GenBank nucleotide sequence database and RDP II. The sequence data were aligned using the Clustal W package 34) and checked manually. Distance matrices between sequences were calculated with Kimura's two-parameter model in the program DNADIST of the PHYLIP ver. 3.5c package 7) and a neighbor-joining tree 27) was constructed from the distance matrices using NEIGH-BOR in this package. A bootstrap with 100 replicates was generated using SEQBOOT and consensus trees were constructed using CONSENSE in the same package. Phylogenetic analyses of myxobacteria-associating gliding bacteria with a comparison of nearly 500 bases were performed by TechnoSuruga. Co. (Shizuoka, Japan).
Results
Emergence of swarm-forming cultures
Various hot-spring samples yielded diffusive, E. coli celllysing colonies on Ec plates when incubated at 50°C for 2-4 weeks. These colonies grew in and around the E. coli smear on the surface of the agar media (Fig. 1) . Swarms emerged from 27 out of the 140 samples, with the microbial mats (or biomats) having the highest frequency of occurrence among the tested samples. Thirteen swarms appeared from 17 samples of biomats, 4 from 29 samples of effluent water, 4 from 29 samples of mud, 4 from 21 samples of fallen leaves, 1 from 18 samples of gypsum precipitates, and 1 from 3 samples of coastal sand (Table 2) . At 60°C, no distinct myxobacteria-like swarms could be observed. All of the hot spring swarm cultures thus obtained contained co-existing gliding bacteria that could not be separated from the myxobacterial colonies despite repeated transfers on agar plates. The associating gliding bacteria rapidly grew and always spread faster than the myxobacteria-like strains on the agar surfaces. Four cultures which reproducibly formed swarms, designated SIB-1, AT-1, AT-3 and YU-2 (Table 2) , were obtained after one year of repeated transfers and used for further studies. The culture SIB-1 was obtained from a sand sample of a coastal hot spring, at Ibusuki. To date, our attempts to purify myxobacteria from SIB-1 by enrichment using antibiotics or SDS solution 25) have been unsuccessful. AT-1 was from a dark-green biomat sample collected at a hot spring well, at Izu-Atagawa. AT-3 was obtained from a dark-green biomat growing on a gypsum stone, immersed in warm (around 45-50°C) spillage water of another hot spring well, at Izu-Atagawa. The remaining culture, YU-2, was obtained from a dark-green biomat growing on the concrete wall of an open-air hot spring bath, at HakoneYumoto.
Colony morphology
All the four cultures formed predatory, spreading, shallow, crater-like colonies or so-called swarms peculiar to myxobacteria when incubated on SWS-Ec or WCX-Ec agar at 50°C. None of the cultures formed the tough slime sheets which are observed in some species of myxobacteria. Culture SIB-1 formed shallow crater-like bacteriolytic colonies on SWS-Ec agar (Fig. 1A) , but a distinct swarm-like formation was not observed on VY2/SWS or on 1/3CY/SWS agar, probably because of the vigorous growth of the associating bacteria on rather nutrient-rich media. After 2 months of incubation at 50°C, many small holes appeared within the swarm area on the SWS-Ec agar (Fig. 1B) . Similar small holes in the agar gel matrix were also reported for myxobacteria of the genus Nannocystis 22) . AT-1 formed shallow crater-like colonies on WCX-Ec, VY2, and 1/3CY agar. The cultures AT-3 and YU-2 formed shallow crater-like colonies on WCX-Ec agar and rather deeper craters, 0.5-1.0 mm in depth, on VY2 and 1/3CY agar after a month of incubation (Fig. 1C) . The two cultures resembled each other in the morphology of their colonies. The swarms of AT-3 tended to form radiating 'lobes' around circular edges of the craters after prolonged incubation ( Fig. 1C; indicated by arrows) . The formation of depressions in an agar gel matrix was also observed in the swarms of marine myxobacteria of the genus Enhygromyxa 15) .
Formation of Fruiting bodies
Although the four cultures formed myxobacteria-like swarms at 50°C, no fruiting bodies, the most important morphological feature of myxobacteria in their classification 19, 25, 29, 30) , were observed. In the case of SIB-1, however, large numbers of cell aggregates measuring 20-50 µm in diameter (Fig. 2C) , could be observed within agar gel beneath the small holes of the swarm area ( Fig. 1B; inside the dotted square). The aggregates may be incomplete fruiting bodies.
Cellular morphology
The cellular morphology of SIB-1 and the terrestrial cultures was studied within the swarm area on SWS-Ec agar and 1/3CY agar, respectively. SIB-1 contained rod-shaped cells measuring 0.5-0.7×2.0-4.0 µm and very long filamentous cells measuring 0.3-0.5×40-100 µm ( Fig. 2A) , inside the dotted square area of Fig. 1A . Very long bacteria were also observed in the area outside of the swarm (Fig. 2B ). AT-1 had blunt-ended larger rods (0.8-1.5×3.0-8.0 µm), smaller rods (0.5-0.8×2.0-4.0 µm), and thin filamentous cells (0.1-0.2×3.0-10 µm). AT-3 contained rod-shaped cells measuring 0.5-0.8×1.5-5.0 µm ( Fig. 2D ; indicated by arrows), inside the dotted square area of Fig. 1C . A few elongated cells were also observed among the rods ( Fig. 2D ; indicated by a dotted arrow). In a younger swarm culture of AT-3 that was incubated for 10 days, the rod-shaped cells were more distinctly observed (Fig. 2E) . Cells of YU-2 were rods having a size of 0.5-0.8×1.0-3.0 µm. As for the cultures AT-3 and YU-2, we could not observe distinct rods in agar pieces taken from the outer area around the sunken swarms, and the cellular shapes of bacteria inside and outside of the swarm area were obviously different from each other ( Fig. 2D and 2F ). Irregularly-shaped filamentous cells, indicated by arrows in Fig. 2F , were observed outside of the swarm ( Fig. 1C; indicated by a square).
Growth temperatures
As shown in Table 3 , the hot spring cultures grew at higher temperatures than any of the myxobacterial strains used for comparison. The optimum temperature for growth of the thermophilic cultures ranged from 45 to 50°C (Table  4) . However, even at the optimum, the four hot spring cultures grew much slower than any of the previously isolated strains of terrestrial and marine mesophilic myxobacteria. The growth declined sharply at above 50°C, and none of the cultures grew at 52°C (Table 4) . After incubation at 55°C for a week, all the cultures seemed to die out. Below the temperature range of 27-30°C, the growth of the novel cultures was severely retarded or stopped, whereas most of the mesophilic myxobacteria grew well in the same range (Table 3, 4) . At 25°C, none of the hot spring myxobacterial cultures showed growth after a month of incubation.
Phylogenetic analysis
The 16S rRNA genes from cultures SIB-1, AT-1 and AT-3 were amplified using the myxobacterial specific PCR primers and subcloned. RFLP analyses of 15 clones from SIB-1, 13 from AT-1, and 15 from AT-3 resulted in groupings into 3, 3, and 5 phylotypes, respectively. Representative clones of each phylotype were partly sequenced. After sequences that were suspected of being chimeric or nonmyxobacterial were discarded, 6 clones related to myxobacteria were obtained (1 clone for SIB-1, 2 for AT-1, and 3 for AT-3). A neighbor-joining distance matrix tree showing the phylogenetic positions of the 6 clones and previously known myxobacteria based on partial 16S rRNA gene sequences are shown in Fig. 3 . All of the 6 clones were related to the suborder Sorangineae myxobacteria. No clones related to the suborder of myxobacteria, Cystobacterineae 22, 24, 25) , were found. The representative clone of SIB-1 (SIBN-17) was distantly related to the genera Nannocystis and Enhygromyxa. On the other hand, both AT-1 and AT-3 were shown to be composed of phylogenetically different clones. For AT-1, two clone types (AT1-02 and AT1-01) were identified. Clone AT1-01 was related to the strains of the genera Chondromyces and Polyangium, especially to the unidentified myxobacterial strain NOSO1. The other clone, AT1-02, was positioned near the marine myxobacterial genus Enhygromyxa. For the culture AT-3, 3 clone types (AT3-01, -03, and -09) were scattered into the three different lineages. Clone AT3-01 was distantly related to the genera Chondromyces and Polyangium. The second clone AT3-03 was distantly related to Polyangium vitellinum and the marine myxobacteria of the genus Haliangium. The third clone AT3-09 was also related to another marine genus of myxobacteria, Enhygromyxa. Among the 6 clones, SIBN-17, AT3-01, and AT3-03 were remote from any known sequences. The homology values with closest relatives were less than 90%. These low values indicated that the clones might represent novel taxa above the generic level.
Characterization of accompanying gliding bacteria
As for the accompanying gliding strains, both terrestrial and coastal strains were isolated and were culturable axenically. The strains were designated as SIB-1C, AT-1C, AT-3C, and YU-2C. They grew at higher temperatures than myxobacteria-like strains, up to 55-60°C. Based on the 16S rRNA gene sequence analysis, the coastal culture SIB-1C was assigned to Thermonema rossianum 33) with 99.9% similarity. The long filamentous cellular morphology (Fig. 2B) , and physiological characteristics of marine bacteria 17) coincided well with the description of the species 33) . As for the terrestrial cultures, all the associated gliding strains turned out to be related to Caldimonas manganoxidans JCM 10698 T 31) with 99.9% similarity in the 16S rRNA gene sequence. The strains did not lyse live or autoclaved E. coli cells, and did not form a spreading sunken swarm. The filamentous bacterium accompanying culture AT-3 shown in Fig. 2F probably differs from C. manganoxidans whose cells are rods 31) . a The cultures were incubated for a month. The diameter of inoculation agar piece (3 mm), was subtracted from the swarm diameter.
Other physiological characteristics
The coastal culture SIB-1 showed the physiological properties of marine bacteria 17) and required NaCl with an optimum concentration of around 2% (w/v) and other cationic components of seawater for its growth. Three cultures from microbial mats of terrestrial hot springs, AT-1, AT-3, and YU-2, possessed the physiological characteristics of terrestrial or freshwater bacteria requiring no NaCl for their growth. None of the four cultures degraded the filter paper, nor grew under anaerobic conditions.
Discussion
With regard to growth temperature characteristics, myxobacteria have long been considered mesophiles 23) . Recently, a thermotolerant strain GT-7, identified as a member of the genus Myxococcus within the Cystobacterineae, was isolated from a soil. The optimum and maximum temperatures for growth of this bacterium are 42-44°C and 48°C, respectively 10) . On the other hand, the myxobacterial cultures obtained from the hot springs in this study grow at temperatures up to 50°C and optimally at 45-49°C. Thus, the novel myxobacteria are regarded as moderately thermophilic bacteria. To our knowldge, this is the first report of thermophilic myxobacteria growing at 50°C. The novel myxobacteria seem to be adapted to temperature zones around 40-50°C, suggesting that they are indigenous to the hot springs.
Our attempts to isolate the hot spring myxobacteria as axenic cultures have so far been unsuccessful. However, phylogenetic analyses basesd on 16S rRNA gene sequences have revealed that all clones from the novel myxobacterial cultures are confined to the suborder Sorangineae, though they are quite diverse within this suborder. In view of the phylogenetic positions of these clones, it seems evident that most of the moderately thermophilic myxobacteria represent new genera of Sorangineae. Further study with possible axenic cultures of the novel myxobacteria should offer formal taxonomic proposals for these bacteria. Although we could not find myxobacteria of the Cystobacterineae in hot spring samples using the culture-dependent isolation method, it seems probable that unknown strains of Cystobacterineae myxobacteria, which can grow at around 50°C, also inhabit the hot springs.
The relatively high frequencies of the occurrence of the myxobacteria in hot spring microbial mats are probably due to stable microbial ecosystems held in the mats, which were sheltered from outer stress, such as nutrient depletion, temporal desiccation, or predation by the protozoa. The coexistence of diverse microorganisms; myxobacteria, the other groups of gliding bacteria, and the phototropic bacteria (or algae), might enhance the stability of microbial communities in hot spring biomats.
Interestingly, all three strains of the accompanying gliding bacteria obtained from the terrestrial hot spring biomats have been identified as a single species, Caldimonas manganoxidans, which was originally described as a poly(3-hydroxybutyrate)-degrading, manganese-oxidizing thermophile 31) . The type strain of the species was isolated from a hot spring with abundant cyanobacterial mats 32) . It could be speculated that microbial mats composed of green phototropic bacteria (or algae), C. manganoxidans, several species of myxobacteria, and other bacteria (such as filamentous bacteria), are probably widespread among terrestrial hot springs in Japan. Although the ecophysiology of such a complex microbial community is almost entirely unknown, it might offer a favorable niche for hot-spring myxobacteria in terms of nutritional acquisition. Since myxobacteria as predatory bacteria excrete a wealth of hydrolyzing enzymes such as proteases, glucanases and so on 24, 25) , they might easily obtain nutrients by decomposing microbial cells or macromolecules produced by the other microbes in biomats.
As for the mesophilic myxobacteria, mutualism between the myxobacterium Chondromyces crocatus and the Sphingobacterium-like companion bacterium in soil environments has been reported 16) . In that case, the relationship between the two different groups of bacteria might be defined as strict mutualism because the presence of C. crocatus was reported to be essential for the growth of the companion bacterium.
Recently, a number of phylogenetic studies on microbial ecosystems of various hot spring environments have been conducted, revealing the genetic and physiological diversity of microbial communities 11, 12, 26, 32) . However, as far as we know, only one report has referred to the existence of myxobacteria in a hot spring to date 20) . On the other hand, results of our study suggested that diverse myxobacteria inhabit hot springs, as shown in Table 2 . The seeming discrepancy between the results of our study and those of previous ecological studies, is probably due to the different methods used for investigating the existence of myxobacteria.
Assuming that myxobacterial populations in the hot spring environment are relatively small, we adopted the culturedependent enrichment procedure along with a phylogenetic analysis with myxobacteria-specific PCR. From the results of this study, the two-step (enrichment and analysis) method proved to be useful for the detection of hot spring myxobacteria.
From an industrial point of view, myxobacteria have attracted much attention as producers of secondary metabolites 9) . This study and recent findings 10, 13, 28) have broadened our understanding of the ecological and physiological aspects of the bacteria, and it is very likely that more novel myxobacteria will be isolated from unexploited environments, hopefully being good sources of natural products with extensive chemical diversity.
